Relative rates of protein synthesis in individual cells were determined by allowing random populations to incorporate tritiated leucine for very short periods (pulses) and then examining autoradiographs of these cells to assess the amount of incorporation (grains per cell) as a function of cell size. Relative rates of ribonucleic acid (RNA) synthesis were determined in the same way by using tritiated uracil. Unless the uracil pulse was very short (less than 1/20 generation), the RNA labeled during the pulse was predominantly ribosomal. The rate of protein synthesis in individual cells is directly proportional to cell size. The rate of RNA synthesis also increases linearly with size in larger cells, but there appears to be a slight delay in RNA synthesis immediately after cell division. Total cellular content of protein, RNA, and ribosomes is directly proportional to cell size. Thus, we conclude that, in individual cells during the cell cycle (i) the average rate of protein synthesis per ribosome is constant and (ii) the increase in macromolecular mass of the cell is exponential with age.
Relative rates of protein synthesis in individual cells were determined by allowing random populations to incorporate tritiated leucine for very short periods (pulses) and then examining autoradiographs of these cells to assess the amount of incorporation (grains per cell) as a function of cell size. Relative rates of ribonucleic acid (RNA) synthesis were determined in the same way by using tritiated uracil. Unless the uracil pulse was very short (less than 1/20 generation), the RNA labeled during the pulse was predominantly ribosomal. The rate of protein synthesis in individual cells is directly proportional to cell size. The rate of RNA synthesis also increases linearly with size in larger cells, but there appears to be a slight delay in RNA synthesis immediately after cell division. Total cellular content of protein, RNA, and ribosomes is directly proportional to cell size. Thus, we conclude that, in individual cells during the cell cycle (i) the average rate of protein synthesis per ribosome is constant and (ii) the increase in macromolecular mass of the cell is exponential with age.
The macromolecular constitution of bacterial populations in balanced growth has been thoroughly investigated in a number of different laboratories (3, 6, 11, 14) . Out of such studies have come several significant concepts relating to the interaction of macromolecules in the control of cellular processes. However, these are based to some extent on extrapolations, because cultures of growing bacteria contain a distribution of cells within the cell division cycle. Thus, even in balanced growth, a bacterial culture represents a heterogeneous population in terms of cell size and cell age (time since division), and data obtained by using such cultures represent only averages over entire populations. The present investigation was conducted to determine the cellular content and rate of synthesis of protein and ribonucleic acid (RNA) in individual cells during the cell division cycle.
MATERIALS AND METHODS Organism. Salmonella typhimurium strain LT2 was cultivated in aerated cultures at 37 C in one of the following culture media: (i) basic salts (3) plus 2 mg of glucose per ml, and (ii) glucose-salts medium supplemented with several amino acids (2) .
Culture density was determined in a Zeiss PMQ II spectrophotometer at a wavelength of 450 nm, 1.0-cm pathlength.
Incorporation for autoradiography. When the cultures attained balanced growth and before they reached a density of 100 usg of cell dry weight per ml (14) , 1.0-ml samples were removed and added to 0.1-ml portions of 3H-uracil, 100 ,uc/ml, 2.66 c/mmole or L-leucine-4,5-8H, 50,c/ml, 3 25 ,000 rev/min and S C for 4.5 hr. Tubes were pierced at the bottom, and 35 to 40 four-drop fractions were collected. The first drop of each fraction was collected directly in a scintillation vial to which was added 15 ml of XDC scintillation fluid (1). To the other three drops of each fraction was added, in an ice bath, 2 ml of 0.5 N perchloric acid and 1 mg of carrier nucleic acid (yeast nucleic acid; Calbiochem, Los Angeles, Calif.). After 30 min at 0 C, precipitates were removed by centrifugation in the cold (1,200 X g, 30 min). The precipitates were dissolved in 0.2 ml of hydroxide of hyamine (Packard Instruments, Downers Grove, Ill.), acidified with 0.1 ml of glacial acetic acid (12) , and quantita- All samples were counted in a Beckman CPM-100 liquid scintillation spectrometer (Beckman Instruments, Palo Alto, Calif.).
The second type of precursor distribution experiment was designed to show the steady-state distribution of RNA between ribosomal and soluble RNA. 3H-uracil was added to 100-ml cultures to a final activity of 0.1 ,uc/ml and a final concentration of 3 ,ug/ml. Incorporation was allowed to continue for about two generations. The uracil concentration was increased to 20 ;g/ml by addition of unlabeled uracil, and incubation was continued for an additional onethird of a generation. Cells were harvested and prepared for sedimentation analysis in sucrose gradients as described previously. Cell-free lysates were layered on 16-ml, 12 to 20% linear sucrose gradients made in 1-by 3-inch (2.54 by 7.62 cm) tubes and centrifuged in a Spinco SW 25.1 rotor at 25,000 rev/min and 5 C for 4.5 hr. Tubes were pierced at the bottom, and about 40 fractions of 0.4 ml each were collected and diluted 1:5 with buffer. Optical density at 260 nm (1-cm pathlength) of each fraction was determined by using a Zeiss spectrophotometer. The nucleic acids in each fraction were precipitated in the cold and prepared for counting as described previously.
RESULTS
Pulse incorporation of a protein precursor. Complete data from a single experiment are shown in Fig. 1 ; the frequency of cells exhibiting the indicated number of grains is shown for all cells in each size class. The average number of grains per cell increases with cell size. We used the data from the same experiment, calculated the average grains per cell for each size class, and plotted this as a function of cell size. The errors, shown for each calculated mean as a vertical line through the point, were estimated by assuming a Poisson distribution. The best straight line was fitted to the plot of average grains per cell versus cell size by a weighted least-squares method (Fig. 2) . The intercept of this least-squares line is not significantly different from the origin of the indicated axes.
The experiment shown in Fig. 1 and 2 (experiment 1, Table 1 ) involved tritiated leucine incorporation for a period of ',i0 generation; generation time was about 48 min. Experiments 2 and 3-3 (Table 1) were performed under the same conditions. In both experiments, within expected error, there was a direct proportionality between cell size and rate of incorporation. Several other experiments were conducted with the pulse incorporation of leucine; in these cases, incorporation was for smaller fractions of the generation time. In experiments 3-2 and 4-1 ( at zero cell size. Rather, the intercept of this line on the abcissa was significantly positive, indicating a lag in RNA synthesis following cell division. In two similar experiments conducted with cells growing at slower rates, the same result was obtained.
In another sample (4-3) from the culture, a 40 generation pulse of tritiated uracil was followed immediately by treatment with DNP at 37 C. Under these conditions, messenger and free ribosomal RNA are sensitive to endogenous degradation by cellular enzymes, whereas transfer RNA and the RNA in intact ribosomes are insensitive (4, 7, 10) . This approach allows one to determine how much of the pulse-incorporated uracil has been incorporated into ribosomes and transfer RNA and how the rate of their synthesis is disturbed as a function of cell size in the cell cycle. After incubation with DNP, about 40 to 45% of the pulse-incorporated uracil remained in the cold trichloroacetic acid-treated cells. This percentage did not vary with cell size.
Another sample from the same culture was pulse-labeled for o0 generation and then chased by continued incubation with excess unlabeled uracil (experiment 4-4). It was expected that, during the chase period, all of the uracil taken up up by the cells during the pulse would be incorporated into metabolically stable forms of RNA, i.e., ribosomes and transfer RNA. In experiments 4-3 and 4-4, the regression line, fitted to the data, extrapolated to a significantly positive cell size at zero grains per cell.
To get a better look at the distribution of label in the endogenous pool and the several classes of RNA following a tritiated uracil pulse, cell homogenates were subjected to sucrose gradient sedimentation analysis. In this case the culture was given a 1.0-min pulse and was then chased with unlabeled uracil for periods of up to 30 min. The sucrose gradient for each chase period was fractionated and analyzed to give both total tritiated uracil taken up and that incorporated into cold trichloroacetic acid-insoluble material. The results of these analyses ( Fig. 3 and 4 , respectively) were compared to a steady-state "4C-guanine label.
Because the guanine was incorporated over a relatively long period of time, its distribution in the sucrose gradient shows the actual steady-state distribution of nucleic acids and nucleic acidcontaining compounds. Thus, the relative specific activity of the pulse-labeled material in any fraction can be obtained as the 'H/14C ratio in that fraction. Figure 3 shows total uptake and Fig. 4 shows incorporation into cold trichloroacetic acid-insoluble material. Figures 3a and 4a show the distribution of label as soon after a Ho-generation pulse as sampling could be made (about 0.4 min). At this time approximately 70% of the label in the cell was cold trichloroacetic acid-insoluble, and, as Fig. 4a indi- cates, very little, if any, of this was in the form of completed ribosomes. In fact, the majority of the activity was in a broad peak at about 16S, characteristic of messenger RNA and ribosome precursors (9) . By 0.6 min later (Fig. 4b) , some activity could be found in completed ribosomes and, after an additional 1.0-min chase (Fig. 4c) , significant incorporation into ribosomes was evident. At these times the cold acid-soluble pool contained about 35 and 20%, respectively, of the total activity in the cells. After a 4-min chase period, only about 10 to 15% of the total activity remained in the pool and an estimated 60% of the acid-insoluble tritium label was in ribosomes. Chases for longer periods changed the pattern only slhtly and, in less than 30 min after incorporation had begun, all of the uracil taken up during the pulse had been incorporated into stable, acid-insoluble RNA as indicated by the constant 'H/14C ratios across the gradient in Fig. 4f Since the RNA labeled after long-term incorporation includes both ribosomes and soluble RNA, some assumptions must be made concerning their relative concentrations in the cel during the cell division cycle. To assist in maldng these assumptions, we looked at the average distribution of the two classes of RNA in balanced growing populations. Figure 6 shows the results of one such experiment. In this experiment the cells were grown in the glucose-salts medium with a generation time of 60 min. Tritiated uracil was allowed to incorporate for a total of 2.5 generations. Analysis of the activity in each of the zones shown in Fig. 6 indicated that 80% of the incorporated label was in the ribosomes (the heavier two peaks). The same result was obtained after similar analysis of the steady-state incorporation patterns in Fig. 3 and 4, i. e., all of the 14C patterns and the 3H patterns in Fig. 3f and 4f . When cultures were grown at a much slower rate (about 0.4 generations/hr) or a much faster rate (about 2.0 generations/hr), the proportion of ribosomes in the cells did not vary greatly, ranging between 75 and 85%. 
DISCUSSION
In these investigations two general approaches were used: (i) pulse incorporation of protein or RNA precursors; (ii) steady-state incorporation of the same precursors.
The pulse-incorporation experiments were used to determine the rate of synthesis in individual cells. Because (Fig. 6) , and each cell must double its ribosome content over the cell cycle. The data in experiment (Table 1) show that metabolically stable RNA increases directly with cell size, and the data in Fig. 4b and 4c (pulse time approximately equivalent to that used in experiment show that most of this RNA is in ribosomes. Fig. 4 suggest that the pulse must be shorter than Yo generation (2.5 min in these experiments) to observe a predominance of these transitory species. It is also apparent (Fig.   3 and 4 ) that pulses longer than Y20 generation, or short pulses followed by a chase with unlabeled uracil, provide a distribution of labeled RNA not much different from that seen in cells after steadystate incorporation. In all such cases, as with the cells treated with DNP, uracil incorporation provides essentially a measure of ribosomal and transfer RNA synthesis. It is probable that all of the uracil incorporation data shown in experiment 4 of Table 1 indicate the synthesis of predominantly these two classes of RNA, either in final form or as immediate precursors.
The autoradiographic data from each of the approaches used in experiment 4, in addition to similar data not shown here, are consistent in exhibiting a lag in the rate of RNA synthesis after cell division. In all cases the lag was followed by a linear increase in rate with cell size, as was previously reported (8) . The lag was not observed in any experiment showing the rate of protein synthesis. Perhaps the process of RNA synthesis is more sensitive to "birth trauma" than is the process of protein synthesis.
However, to a very close approximation, the rate of increase of macromolecular (protein and RNA) content in individual cells is directly proportional to cell size during normal cell growth. That is dM/dt = k1L,
(1) where M is macromolecular mass, t is time, L is cell length, and k1 is a constant. Since both protein and RNA have been shown to increase in proportion to cell length (Fig. 5) , that is, L = k2M, (2) we can derive the following kinetic relationship for the increase in macromolecular content of a cell during the cell cycle: dM/dt = k1k2M or *M = Moeklk2t, (3) where MO is the macromolecular mass of the cell immediately after cell division. Thus, one must conclude from these data that in individual cells the increase in macromolecular mass is exponential with age. 
